Introduction
Multiconfiguration molecular mechanics 1 (MCMM) has been developed as a systematic scheme to generate potential energy surfaces for chemical reactions by fitting high-level electronic structure data by taking advantage of previously available nonreactive molecular mechanics 2−5 potentials to build in a zero-order description of the nonreactive modes. In this way, MCMM extends molecular mechanics 2 −5 (MM) to reactive systems. In the MCMM method, the Born-Oppenheimer potential energy at a geometry q is represented as the lowest eigenvalue of the 2×2 electronically diabatic
Hamiltonian matrix:
where, following Warshel and Weiss, 6 the diagonal elements are analytic MM PESs for reactants and products. The diagonal elements may be interpreted as the energies of individual valence bond configurations, as in semiempirical valence bond theory, 7−23 and therefore the off-diagonal element (diabatic coupling) may be interpreted as a resonance integral. The resonance integral and its Taylor's series expansion 24, 25 at a geometry q, are obtained from electronic structure calculations of the Born-Oppenheimer potential energy, and in MCMM these Taylor's series have been joined into a global potential energy surface (PES) by means of multidimensional Shepard interpolation 27, 28 in internal coordinates. 1 (An alternative recently proposed is to fit V 12 by a polynomial times a spherical Gaussian. 26 ) Implementation of nuclear permutation symmetry into the MCMM algorithm will be described elsewhere.
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The MCMM procedure has been tested by rate constant calculations for several hydrogen transfer reactions. 1, 30 A partial electronic-structure-Hessian scheme 31 has been developed to facilitate the application of the MCMM method to larger systems; it reduces computational effort to generate electronic structure Hessians as input for MCMM. More recently, combined molecular mechanics -quantum mechanics methods have been used to generate data at Shepard points. 32 The present paper reports that refinement of the molecular mechanics parameters considerably improves the efficiency of the MCMM method as compared to the previous 1, 30, 31 work. We test the MCMM method with the improved MM parameters for three of the reactions considered in the previous papers, 1, 30, 31 in particular:
and
Molecular mechanics
In the present work, we use the MM3 force field 33−36 augmented with a few new parameters 30 (for functionalities that are not present in MM3) and with a modified van der Waals energy term. In the original MM3 force field, the van der Waals interaction energy between two atoms is represented by the Exp-6 potential:
where r o is the sum of the van der Waals radii, and ǫ is an energy parameter. The van der Waals term in the mc-tinker program that has been used for MCMM calculations 1, 30−32 is written as a linear combination of (1) and an r −12 repulsive term:
where E is defined as
The values for A, B, and C are the same as in the original MM3 formulation, 34 viz.
184000.0, 12.0, and 2.25, respectively. In MM3, D is zero. However, in our previous work (mentioned in the manual of mc-tinker 37 but not in the articles 1, 30, 31 ) we set D=0.2 to avoid V Exp−6 (r) tending to −∞ as r → 0. In the present work we found that the convergence of the MCMM procedure is more sensitive than we had expected to introducing this change in V Exp−6 (r).
Within MM3, the van der Waals energy between two molecules is computed as a sum of individual interactions for each pair of atoms (excluding 1-2, 1-3, and 1-4 interactions), and the largest component is usually the one that describes the interaction between the atoms that come into closest proximity. We also use the energy and Hessian at the saddle point, so the total number N H of electronic structure Hessians used is N+1. For example, MCMM-0 means that the interpolated surface is constructed using input information at three points, i.e., electronic structure data at the reaction saddle points and MM data at two MM minima;
MCMM-1 means that in addition to these three points, one nonstationary point with electronic structure Hessian is added, and so on. Because we also place Shepard points at the reactant and product van der Waals well (V 12 and its derivatives are zero at these points), the number of Shepard points is N+3. In Figure 1 It is therefore instructive to monitor the magnitudes of the matrix elements in the dynamically important region. To make the van der Waals function (1) softer at small r, we reduced the value of D and set it, in particular, to 0.01 (in fact the results are not overly sensitive to D values of about this magnitude, and D=0.005-0.01 seems quite reasonable for a few other reactions we examined as well). A rather convenient way to find a good value for D for a particular reaction is to choose the one that minimizes the deviations of MCMM energies from single-point accurate energies for a few points on both the convex and concave sides of the MEP. On the one hand it is encouraging that we obtained useful accuracy in previous work even without such optimization of MM parameters. On the other hand, it is even more encouraging that, as we will see below, even such economical partial optimization of the MM parameters in the present work gives dramatic improvement. The use of a softer function in (1) makes the matrix elements V 11 , V 22 , and V 12 smaller in the saddle point region and eliminates the problems associated with the appearance of artificial energy wells encountered in the previous work. This will be discussed in Section 3.
We note that if further adjustment were necessary one could adjust r o instead of D, if desired. We have not tested other functional forms for the van der Waals energy, and we restricted ourselves to the use of eq. 2 because it is based on the standard MM3
force field, and it leads to rather accurate final results. Another strategy one might employ to reduce the magnitude of V 11 and V 22 near the saddle point is to replace the harmonic or almost-harmonic bond stretching terms (these terms dominate V ′ at geometries where it is large in Figure 1 ) by Morse potentials, which are more realistic for large bond extensions. One must however be careful to ensure that V 11 and V 22 both exceed the Born-Oppenheimer potential energy at all geometries. If not, V 12 becomes imaginary, and one cannot fit the Born-Oppenheimer surface with a real V 12 . Thus there is a tradeoff. One wants V 11 and V 22 to be steep enough to avoid this problem but not so steep as to make the fit unstable or to yield unphysical results at geometries away from the Hessian input points.
MCMM surfaces and rate constants
For the present purposes, we consider a PES to be converged if it yields converged rate constants. Rate constants for reactions R1-R3 were calculated using MCMM PESs and compared to direct dynamics calculations in which potential energies and their derivatives are computed quantum mechanically on the fly. These rate constants (see Tables 2-4) In keeping with the previous work, the results shown in Tables 1-5 Table 5 ) sometimes get larger when the number of Shepard points is increased. This happens due primarily to the interpolative noise in the frequencies 1 that are used to calculate the vibrationally adiabatic ground-state potential energy curve. As we mentioned before, 30 we consider convergence of rate constants to better than 25% to be very good, keeping in mind that electronic structure calculations and, in fact, the experiments are seldom more accurate.
It is of special interest to examine the success the MCMM method in reproducing the direct dynamics rate constants including tunneling because these are sensitive to more than the potential in a localized dynamical bottleneck region. We consider zero-, small-, and large-curvature (ZCT, 39 SCT, 
Concluding remarks
We conclude that the MCMM-0 estimates of the rate constants including tunneling are reasonably accurate when appropriate MM potentials are used in MCMM. The agreement with direct dynamics of k CV T /LCT calculated using MCMM-0 PES is remarkable, indicating that MCMM-0 describes the shape of the PES reasonably well not only near the reaction path but also in the large-curvature-tunneling swath of the hydrogen-transfer reactions. The previously proposed strategy for placement of supplementary points works well not only for the originally employed MM parameters but also for the MCMM surfaces with improved MM parameters; however, the interpolated PESs are now equally accurate with fewer points. In fact, the results are not very sensitive to the location of Shepard points on the MEP, and the data points can alternatively be placed at locations where more input seems to be needed, e.g., at a spike of the vibrationally adiabatic ground-state potential energy curve, if one encounteres such a spike, or in a flat region if the MEP becomes too flat for following the negative gradient.
One reason why the MCMM method is so powerful is that it builds on previously calibrated MM potentials for nonreactive degrees of freedom. Therefore, it is a very encouraging finding of this study that when these MM potentials in reactive coordinates are roughly optimized for MCMM (which requires only a couple of single-point energy calculations), even the most economical MCMM-0 calculations provide a useful approximation of the expensive full dynamics results for both small-curvature tunneling and large-curvature tunneling. This means that only one high-level electronic structure Hessian (at the saddle point) is needed to get a reasonable estimate for rate constants. These results suggest that the MCMM method is a computationally very efficient method for constructing PESs for polyatomic reactive systems. Figure Captions r N H (in NH 2 )=1.016Å, ∠HNH (in NH 2 )≈105 o , r CH (in CH 4 )=1.083Å, ∠HCH (in 
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